a b s t r a c t APOBEC3G (A3G) is a host-expressed protein that inactivates retroviruses through the mutagenic deamination of cytosines (C) to uracils (U) in single-stranded DNA (ssDNA) replication products. A3G prefers to deaminate cytosines preceded by a cytosine (5 0 CC), whereas all other A3 proteins target cytosines in a 5 0 TC motifs. Structural and mutational studies have mapped the dinucleotide deamination preference of A3G to residues in loop 7 of the catalytic C-terminal domain of the protein. Here we report that A3G with a double W94A/W127A substitution in its N-terminus, designed to abolish RNA binding and protein oligomerization, alters the DNA deamination specificity of the enzyme from 5 0 CC to 5 0 TC on proviral DNA. We also show that the double substitution severely impairs its deaminase and antiretroviral activities on Vif-deficient HIV-1. Our results highlight that the N-terminal domain of the full length A3G protein has an important influence on its DNA sequence specificity and mutator activity.
Introduction
Retroviruses, such as HIV-1, can insert their genetic material into the genome of their host within only a few hours after entering a cell. To avoid damage or modifications to their genomic DNA, mammals have evolved several defense mechanisms against these unique pathogens. Members of the APOBEC3 (A3) family are deoxycytidine deaminases that present an important barrier to retroviral replication and spread in mammals (Reviewed in Desimmie et al., 2014; Harris and Dudley, 2015) There are seven A3 in humans, A3A to A3H, with each enzyme being characterized by the presence of one (A3A and A3C) or two (A3B, A3D, A3F and A3G) zinc (Z)-coordinating domains (Jarmuz et al., 2002; LaRue et al., 2009 ). There are three distinct types of Z domains in humans and primates, each containing a conserved Hx 1 Ex 24-28 PCx 2-4 C motif that constitutes a putative catalytic site in which the histidine and cysteines coordinate a zinc ion, whereas the glutamic acid acts as a proton shuttle. It is the hydrolytic attack of a zinc-activated water molecule on the C4 amine of the substrate deoxycytidine that results in the generation of a déoxyuridine . A3 proteins deaminate exclusively single-stranded DNA (ssDNA) Suspene et al., 2004; Yu et al., 2004) . The minus strand viral cDNA that is synthesized during the reverse transcription of retroviral genomic RNA is targeted and uracilated by A3 proteins. Uracils then template the insertion of adenosines (A) during the synthesis of the plus-strand proviral DNA thereby giving rise to G-to-A mutations. A high density of mutations, also called hypermutation, result in the incorporation of premature stop codons and protein defects that inactivate viral functions (Lecossier et al., 2003; Mariani et al., 2003) .
The deaminase activity of A3 proteins is highly sequencespecific. A3G is the only enzyme of the family that strongly prefers to target cytosines (underlined) immediately preceded by a cytosine (5 0 CC), whereas all other A3 deaminate cytosines in a 5 0 TC motif (Beale et al., 2004; Dang et al., 2006; Doehle et al., 2005; Harris et al., 2003; Langlois et al., 2005; Liddament et al., 2004; OhAinle et al., 2006) . Because the crystal structure of the full-length double-domain A3G protein has not yet been solved, there is an incomplete understanding of the global residues that influence target DNA specificity. Structurally, all A3 proteins share several conserved features including at least one Z domain consisting of five β-sheets surrounded by six α-helices (Bohn et al., 2013; Byeon et al., 2013; Chen et al., 2008; Kitamura et al., 2012; Siu et al., 2013) . A recent study in which A3A and A3G residues were interchanged found that replacing D317 of the CTD of A3G, situated in loop 7 between β4 and α4, with the homologous tyrosine residue of A3A (Y132) was sufficient to alter the local dinucleotide preference for deamination from 5 0 CC to 5 0 TC . Those results are supported by previous reports also implicating loop 7 residues in the dinucleotide deamination preference of several A3 proteins and also that of Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/yviro the activation-induced deaminase (AID) (Carpenter et al., 2010; Kohli et al., 2009 Kohli et al., , 2010 Langlois et al., 2005; Wang et al., 2010) .
Because of its potent antiretroviral activity against a wide range of retroviruses, A3G is the best-characterized member of the A3 family. A3G has two Z domains (Z2-Z1) with each one containing a seemingly intact catalytic site, however only its C-terminal Z1 domain (CTD) is catalytically active (Hache et al., 2005; Navarro et al., 2005) . The N-terminal domain (NTD) of the enzyme has been ascribed various other functions such as binding to HIV-1 Vif and virion encapsidation (Huthoff et al., 2009; Huthoff and Malim, 2007; Lavens et al., 2010; Mangeat et al., 2004; Schrofelbauer et al., 2004) . Residues located in the NTD have also been implicated in nucleic acid binding, especially RNA (Bach et al., 2008; Bélanger et al., 2013; Bulliard et al., 2009; Huthoff et al., 2009; Iwatani et al., 2006; Khan et al., 2007; Shindo et al., 2012) .
In addition to its cytosine deaminase activity, it is well established that A3G also has the ability, in certain experimental conditions, to hinder retroviral infection by means that are independent of deamination (Bélanger et al., 2013; Bishop et al., 2006 Bishop et al., , 2008 Guo et al., 2007; Iwatani et al., 2007; Li et al., 2007; Lu et al., 2015; Luo et al., 2007; Mariani et al., 2003; Mbisa et al., 2010; Newman et al., 2005; Wang et al., 2012) . In particular, several groups have demonstrated defects in tRNA 3
Lys primer annealing and strand transfers during replication, which consequently lead to decreased levels of early and late reverse viral transcript accumulation as well as reduced proviral integration. Overall, these restriction mechanisms are thought to occur as a result of the direct interaction of A3G with the viral reverse transcriptase (RT) and integrase (IN), and possibly also through an alteration in the processivity of the reverse transcriptase caused by the clamping of A3G onto its ssDNA substrate during reverse transcription (Bishop et al., 2008; Luo et al., 2007; Wang et al., 2012) . Recent work from our group has demonstrated that RNA binding by A3G is required for deamination-independent restriction (Bélanger et al., 2013) . We mapped the RNA-binding ability of A3G to two tryptophans, W94 and W127, in the non-catalytic NTD of the protein. By individually substituting these two residues to alanine, A3G lost most deamination-independent functions including the inhibitions of late reverse transcript accumulation and proviral integration (Bélanger et al., 2013) .
In this report we show that an RNA-binding defective mutant of A3G with two substitutions in its N-terminus, W94A/W127A, displays altered DNA substrate specificity. The loss of RNA-binding did not prevent the mutant enzyme from being incorporated into retrovirus virions, however its antiretroviral activity against a Vif-deficient HIV-1 pseudovirus was completely lost. Our observations support that the ability to bind RNA by full length A3G is required for retrovirus restriction and for high frequency provirus hypermutation. Surprisingly, the few hypermutated proviral sequences that were recovered from infected cells displayed a shift in the preferred target motif for deamination from 5 0 CC to 5 0 TC. This shift in target DNA specificity of the enzyme was also independently confirmed in a bacterial mutator assay where the double mutant was found to be as potent as the wild type A3G protein. This represents the first report to date showing the involvement of the NTD in the target specificity and regulation of A3G's mutator activity on a retrovirus.
Results and discussion
In a previous study we demonstrated that A3G [W94A] and A3G [W127A] mutants each had a significantly reduced ability to bind RNA, and more specifically, to 7SL, Alu, hY1 and hY3 RNAs (Bélanger et al., 2013) . However, weak RNA binding could still be detected with these mutants. Here we were first interested to determine whether the double W94A/W127A substitution could account for all detectable RNA binding by A3G. Lysates from 293T cells transfected with Flag-tagged A3G or mutants were used for Co-IP using anti-Flag conjugated agarose beads followed by RNA isolation. Samples were then subjected to qPCR to measure the relative binding of each APOBEC to RNA. In these conditions, [W94A/W127A] did not bind to any of the RNAs tested above the background level set by the APOBEC2 (A2) negative control (Fig. 1A) . A3G has a well-established ability to assemble into large oligomeric or high molecular mass (HMM) ribonucleic complexes (Chiu et al., 2005) . In a previous report we showed that the W94A and W127A point mutants displayed a partial ability to assemble into oligomeric structure compared to wild type A3G (Bélanger et al., 2013) . Here we analyzed the double mutant in presence and absence of RNase treatment. We could not detect any evidence of assembly into complexes that are RNA-dependent (Fig. 1B) . Surprisingly, although RNA binding was lost, cytoplasmic foci believed to be P-bodies, stress granules and other RNA processing bodies that normally associate with A3G were still visible when similar levels of protein expression were compared ( Fig. 1C and D ) (GalloisMontbrun et al., 2007; Kozak et al., 2006; Wichroski et al., 2006) . This observation thereby indicates that association of A3G with these structures is not dependent on cellular RNA binding, nor is it dependent on protein aggregation or self-assembly (Fig. 1E ).
We next investigated the impact of the double mutation on antiretroviral activity. Here we produced HIV [p8.9] pseudoviruses by co-transfecting viral expression plasmids along with A3G and various A3G mutants, including the catalytically inactive E259Q mutant and single point mutants W94A and W127A into 293T cells. We then confirmed by Western blot analysis that all the mutants, including [W94A/W127A], were expressed in 293T cells and were also efficiently packaged into virions, as judged by p24 capsid expression used for normalization ( Fig. 2A) . For reasons that are yet unclear, A3G mutants containing W94A or W127A point substitutions or the double substitution were all efficiently packaged into HIV [p8.9] pseudoviruses ( Fig. 2A ), but not into HIV-1 ΔV if viruses as would be expected (data not shown) (Bélanger et al., 2013) . Consistent with our previous findings showing that the W94A and W127A point mutants displayed reduced antiretroviral activities (Bélanger et al., 2013) , [W94A/W127A] was completely unable to restrict the infection of the virus (Fig. 2B) .
Loss of the antiretroviral activity of the double mutants could be the result of protein misfolding causing defective deaminase activity. To evaluate the mutator activity of A3G [W94A/W127A] we conducted a bacterial mutator assay in E. coli. An increased frequency of rifampicin-resistant (Rif R ) colonies arises when A3G mutates the rpoB gene of E.coli rendering it resistant to rifampicin (Harris et al., 2002) . Our results show that the full-length double mutant is well expressed in E. coli and generates similar frequencies of Rif R colonies than wild type A3G ( Fig. 2C and D) and (Table 1) . Having confirmed that the double mutant's mutator activity is unaffected, we next investigated whether it could deaminate proviral DNA. Genomic DNA from 293T cells infected with viruses produced in presence of A3G and mutant proteins was isolated after 24 h. The eGFP reporter gene contained within the provirus was amplified by PCR and 120 clones were sequenced. None of the clones displayed G-to-A hypermutation in presence of the double mutant (data not shown). To determine whether there was a very low frequency of hypermutated sequences we next used 3D-PCR and HRM analysis (Bélanger et al., 2014; Suspene et al., 2005) . These methods promote the selective PCR amplification (3D-PCR) or detection (HRM) of hypermutated sequences and provide qualitative information as to the intensity of the mutations. Results of these assays revealed the presence of mutations at intensities much lower than wild type A3G but similar to that of the single mutants ( Fig. 2E and F) and (Table 1) . No mutations were detected in the integrated proviral DNA of viruses produced in presence of A3G E259Q or A2. These results therefore indicate that the double mutant is capable of mutating provirus DNA, but at very low frequencies. We next analyzed the local DNA sequence context of the mutations in hypermutated proviral clones obtained by 3D-PCR. Our analysis revealed that the preferred dinucleotide DNA target site for A3G [W94A/W127A] had changed from 5 0 CC to a very firm 5 0 TC context (Table 2) . We also observed a change in DNA deamination specificity at position -1 in a segment of the rpoB gene isolated from Rif R E. coli colonies from a dominant 5 0 CC to 5 0 KC (where K is A or G) ( Table 2 and Fig. 3 ) (Beale et al., 2004; Harris et al., 2003) . Such a shift in deamination specificity to favor 5 0 TC is likely to further contribute to the low viral geneinactivating potential of the mutant enzyme. An important part of the gene inactivation potency of A3G relies on the generation of TAG termination codons caused by deamination opposite to TGG tryptophan codons (Armitage et al., 2012) . Weak mutational activity and frequency of mutated proviral DNA sequences combined to a 5 0 TC deaminase specificity would altogether highly compromise the antiretroviral activity of the A3G [W94A/W127A] protein. Overall, our results suggest that tryptophan to alanine substitutions at positions 94 and 127 of the NTD may affect the overall DNA substrate binding efficiency of the full length A3G protein. In fact, several published reports have speculated that W94 and W127 may interact with ssDNA substrates; residue W94 has been recently proposed to contact the DNA substrate in a full-length model of A3G (Lu et al., 2015) , and moreover, the residue homologous to W94 in A3A (W98) has been shown to be directly involved in DNA binding (Logue et al., 2014) . Furthermore, Chen et al. (2008) previously identified W285, which is homologous to W94 in the CTD of A3G, as an important contributor to DNAbinding. Substrate interactions with residues within the NTD could contribute to its positioning and stabilization for efficient deamination by the active site of the CTD. Finally, the W127A substitution has been shown to alter the scanning mechanism of the protein on ssDNA causing a decreased mutagenic potential, presumably because of the loss of protein homodimerization (Ara et al., 2014) . Our experimental data therefore supports these studies by implicating both W94 and W127 in not only RNA binding, but also in physical interactions with the ssDNA substrate.
To date, the DNA dinucleotide preference of A3G has been attributed mainly to amino acids comprising loop 7 of the CTD of the protein. More specifically, Rathore et al. identified that residue D317 is responsible for α-helix capping resulting in restrained mobility of loop 7 and the generation of a binding pocket more favorable for the inclusion of cytosine than any other base . In addition, according to the "brim model" for DNA binding, the initial engagement of the substrate has been proposed to occur via the NTD of A3G followed by a prolonged binding by the CTD that then carries out the deamination (Shindo et al., 2012) . Because W127 is also located in loop 7 of the NTD of A3G, it is possible that mutations at positions 94 and 127 could destabilize the initial DNA substrate binding resulting in a less stringent substrate selection by the catalytic CTD. The crystal structure of full-length A3G bound to its ssDNA substrate would certainly help better understand this process.
Another factor that may also contribute to the loss of antiretroviral activity of the [W94A/W127A] mutant is the lack of deamination-independent restriction. We previously reported that both the W94A and W127A point mutants did not exhibit the typical features of deamination-independent restriction such as reduced late-reverse transcript accumulation and proviral integration (Bélanger et al., 2013) . Although the same loss-of-function is expected of the double mutant, an antiretroviral feature that was not investigated is binding to the viral IN and RT. Interactions of A3G with these two viral proteins have previously been linked to reduced retroviral infection (Luo et al., 2007; Wang et al., 2012) .
In order to address this question, HIV [p8.9] pseudoviruses were produced in the presence or absence of Flag-tagged APOBEC proteins followed by co-immunoprecipitation (co-IP) using antiFlag-conjugated agarose beads. Viral proteins were detected in immunoprecipitates by Western blotting. Our results show an interaction between all the A3G mutants, including the double mutant, with both the viral RT and IN suggesting that the binding to the viral enzymes does not require RNA (Fig. 4A) . Although [W94A/W127A] was not expressed as well as the point mutants or the wild type protein in presence of virus, the binding ratios to either RT or IN were comparable for all A3G proteins (Fig. 4B) . We therefore find no evidence that the binding to IN or RT is sufficient to impede the efficiency of viral infection. However, these results may also indicate that interactions with IN and RT need to occur in conjunction to RNA or ssDNA binding by the NTD in order for A3G to exhibit deamination-independent restriction of retroviral infection.
Materials and methods

Antibodies and cells
Human embryonic kidney epithelium (HEK) 293T cells were cultured in HyClone DMEM/High Glucose medium (Thermo Fischer Table 1 .
Scientific) supplemented with 10% fetal bovine serum (FBS), 100U/ml penicillin and 100 μg/ml streptomycin (Multicell). The following antibodies were used for this study: HRP-conjugated anti-Flag (A8592, Sigma), anti-eGFP (no.632381, Clontech), anti-p24 (ab9069, Abcam) and HRP-conjugated anti-β-tubulin (ab21058,Abcam). The anti-Katα was provided by Dr. Stinzi from the University of Ottawa. The anti-HIV-1 integrase polyclonal and anti-HIV-1 reverse transcriptase polyclonal antibodies were obtained from the NIH AIDS Research Reference and Reagent Program (#757 and #6195 respectively) (Grandgenett and Goodarzi, 1994; Szilvay et al., 1992) .
Plasmids
Flag-tagged and eGFP-tagged A3G and A2 expression plasmids were constructed previously (Langlois et al., 2005) . Mutants of A3G were generated from the corresponding plasmids by PCRbased site directed mutagenesis as previously described (Bélanger et al., 2013) .
The single-cycle HIV[p8.9] reporter pseudovirus has been described in previous reports (Bélanger et al., 2013; Langlois et al., 2005) . Particles are produced by co-transfecting a Vif-deficient HIV-1 Gag-Pol expression plasmid (p8.9), a packageable HIV-1 LTR backbone containing the eGFP reporter gene under the control of an internal SFFV promoter (pCSGW), and a VSV-G expression vector (pMDG). For the bacterial pGST-expression plasmids, the coding sequences of A3G and A3G [W94A/W127A] were amplified by PCR from pFlag-APOBEC plasmids using the following primers; Xho1-FWD: 5 0 -GAATTCCCTCGAGGCCACCATGAAGCCTCACTTCAGAAAC-3 0 and Pst1-REV: 5 0 -CGTCGACTGCAGTCAGTTTTCCTGATTCTGGA-3 0 . The PCR products were then digested and inserted in the pGST-2 vector (Addgene) using the Xho1 and Pst1 restriction sites.
Transfections and viral infectivity assays
Transfections and infections were conducted as described elsewhere (Bélanger et al., 2013) . The packaging of APOBEC proteins inside viral particles was assayed by producing HIV [p8.9] viruses in the presence of eGFP-tagged APOBECs for 96 h. Virus-containing supernatants were then purified by ultracentrifugation and pellets were resuspended in RIPA lysis buffer for Western blot analysis.
Velocity sedimentation
Velocity sedimentation analyses were conducted following the methods described in a previous report (Bélanger et al., 2013) . Briefly, 293T cells expressing Flag-A2, Flag-A3G or Flag-A3G [W94A/W127A] were lysed for 30 min on ice with NP40 lysis buffer supplemented with a protease inhibitor cocktail (Roche). Half of each sample was then treated for 15 min at room temperature with 1 mg/mL of RNase A, and both treated and untreated samples were then loaded onto a 5-40% sucrose step gradient and resolved by ultra-centrifugation.
Fluorescence microscopy
Detailed procedures for this part can be found in (Bélanger et al., 2013) . 293T cells were seeded in 35 mm glass bottom dishes (MatTech) and transfected with plasmids expressing eGFP-A3G or eGFP-A3G [W94A/W127A]. Images of live cells were captured using a Zeiss Axio Observer.Z1 inverted fluorescent microscope and a Plan-Apochromat 63x/1.4 oil immersion objective. Acquisition and deconvolution were performed using the AxioVision software (Zeiss).
Rif R bacterial mutator assay
Bacterial mutator assays were performed as previously described (Bélanger et al., 2013) . In brief, the E. coli uracil excision-defective strain BW310 was transformed with an empty pGST or an APOBEC-expressing pGST plasmid and plated overnight on ampicillin-containing plates. Single transformants were picked and used to inoculate 6 independent liquid media cultures supplemented with 1 mM IPTG and 100 μg/mL ampicillin. To obtain rifampicin resistant (Rif R ) mutants, 300 μL of each culture was spread onto low salt LB media containing 100 μg/mL ampicillin and 50 ug/mL rifampicin and incubated at 37 1C overnight.
For sequencing analysis, Rif R colonies produced in presence of A3G or A3G [W94A/W127A] were diluted in 200 ml of water and 2 ml of the dilution was used in a PCR reaction mix with primers against a 198 bp region of the RNA polymerase B (rpoB) gene. PCR amplification was carried out by the PrimeStar HS high fidelity polymerase (Takara Bio Inc.). The sequence of the primers used for the amplifications are as follows: rpoB-FWD: 5 0 -TTGGCGAAATGGCG-GAAAACC-3 0 ; rpoB-REV: 5 0 -CACCGACGGATACCACCTGCTG-3 0 . Cycling conditions were: 94 1C for 2 min, 94 1C for 30 sec, 65 1C for 1 min and 72 1C for 6 min. Steps 2 to 4 were repeated 8 times with a decrease of 1 1C in the annealing temperature (step 3) at every successive cycle. That was followed by 21 cycles at 94 1C for 30 sec, 56 1C for 1 min and 72 1C for 5 min. PCR products were purified and sent for Sanger sequencing.
Immunoprecipitation
Methods for immunoprecipitation have been described in (Bélanger et al., 2013) . Briefly, lysates of 293T cells transfected or co-transfected with Flag-APOBEC and HIV [p8.9] expression vectors were incubated for 3 h at 4 1C with anti-Flag conjugated agarose beads pre-treated with salmon sperm DNA (500 μg/ml). Bound complexes were then eluted from the beads with a high-pH buffer prior to RNA isolation or Western blot analysis.
RNA binding assay
Methods for RNA amplification and quantification were performed as described in previous reports (Bach et al., 2008; Bélanger et al., 2013) . Briefly, RNA was purified from normalized quantities of Flag-tagged APOBEC immunoprecipitates using Trizol (Sigma). After DNAse treatment of the samples, RNA was reversetranscribed using random hexamers and the ImProm-IITM reverse transcriptase according to the manufacturer's recommendations (Promega). The resulting cDNA was used for qPCR using GoTaqGreen Master Mix (Promega) and specific primers for 7SL, Alu, hY1, hY3 were used as previously described (Bach et al., 2008; Bélanger et al., 2013) .
3D-PCR
This procedure is detailed in (Suspene et al. (2005) ). Infected 293T cells were collected 24 h after infection for gDNA extraction and 3D-PCR was performed in a two-step protocol using the PrimeStar HS high fidelity polymerase (Takara Bio Inc.). A firstround PCR was performed to amplify a 717 bp eGFP amplicon using primers eGFP-FWD: 5 0 -GTGAGCAAGGGCGAGGAGCTGTTC-3 0 and eGFP-REV:5 0 CTTGTACAGCTCGTCCATGCCGAGA-3 0 . A secondround 7-point gradient PCR targeting a 279 bp nested fragment within the eGFP sequence was then performed using primers R279-FWD: 5 0 -ACAACAGCCACAACGTCTATATCAT-3 0 and 279-REV: 5 0 -CGTCCATGCCGAGAGTGAT-3 0 . The band of the gradient amplifying at the lowest temperature was then purified and cloned in the pBlueScript vector (Agilent Technologies). Independent clones were sequenced using M13 reverse primers and mutations computed on the plus-strand DNA.
HRM analysis
This method was detailed in a previous report by our group (Bélanger et al., 2014) . The protocol was performed on 20 ng of gDNA isolated from virus-infected cells. A 717 bp eGFP amplicon was produced using the MeltDoctor Master Mix (Life Technologies) and the following primers: eGFP-FWD and eGFP-REV. qPCR and HRM were carried out on a ViiA™ 7 real-time PCR instrument (Applied Biosystems), and data was analyzed using the ViiA™ 7 system software (Applied Biosystems).
Protein self-association analysis
Pull-downs for eGFP epitope tags were performed according to the manufacturer's specifications detailed in the uMACS TM Epitope
Tag Protein Isolation kits (Miltenyi Biotec).
Statistical analysis and software
All statistical analyses were performed using Student's paired ttest using GraphPad Prism software as previously described (Bélanger et al., 2013) . Western blot band intensity analysis was performed using ImageJ.
Conclusions
Here we have demonstrated that A3G residues W94 and W127 together account for all detectable RNA binding by the protein. The dual substitution of these tryptophans to alanines resulted in a complete loss of retroviral restriction and in a very low frequency of hypermutated retroviral sequences recovered from infected target cells. Integrated proviral DNA sequences that were deaminated by the W94A/W127A mutant displayed a shift in preferred target sites from 5 0 CC to 5 0 TC. Reduced frequencies of hypermutated proviral sequences are not a reflection of reduced mutator activity by the A3G double mutant. Mutation assays in bacteria revealed that A3G [W94A/W127A] was as efficient as the wild type A3G protein, however with a sequence specificity that had also changed, but this time from 5 0 CC to 5 0 KC. These results highlight the essential role played by these RNA-binding residues in the efficient restriction and hypermutation of retroviruses. Detailed structural studies have only focused on the crystal of the CTD of A3G. As a consequence, there is still a very limited understanding of how the NTD interacts with both the ssDNA substrate and with the CTD active site of the enzyme. This study is the first to highlight the involvement of the NTD of A3G in influencing both the enzyme's substrate specificity and mutator activity on retroviral DNA.
